Abstract. The MC-CDMA/FDMA scheme is a candidate for the air-interface of beyond 3G mobile communications. An efficient adaptive sub-band allocation (ASBA) approach has been recently shown to provide a considerable gain in the uncoded system performance. In this paper, adaptive coding is proposed for application in conjunction with ASBA. This is proved to yield a significant performance improvement, especially if a user-service prioritisation is considered in the ASBA.
INTRODUCTION
The orthogonal frequency division multiplexing (OFDM) multi-carrier (MC) transmission technique has gained a high popularity in the last few years and is currently regarded as the leading candidate for a new air interface for 4 th generation (4G) mobile radio systems [1] . This mainly owes to the high robustness of OFDM transmission to the radio channel timedispersion. However, in this respect, some single carrier solutions employing frequency domain equalisation have been recently shown to represent valid alternatives to OFDM [2] . Indeed, major advantages of OFDM are also the adaptability to the propagation conditions and the granularity and flexibility offered in the frequency resource assignment in multiple users environments. These characteristics allow for increased data throughput while providing a wide range of quality of service (QoS) requirements [3] . Lately, OFDM-based frequency and code division multiple access schemes such as OFDMA and MC-CDMA have been widely investigated, especially for synchronous downlink applications [4] . This paper considers the highly flexible MC-CDMA/FDMA hybrid scheme [5] . The transmission bandwidth is subdivided into a number of sub-bands, not necessarily consisting of adjacent sub-carriers, and each sub-band is allocated to a group of users (FDMA) transmitting in a MC-CDMA fashion [6] . MC-CDMA relies on MC-spread spectrum (SS) modulation, according to which, within one MC symbol period, the single user spreads its data symbols in the frequency domain over the whole assigned transmission bandwidth, so exploiting the diversity gain provided by the typically frequency-selective radio channel. In MC-CDMA systems, different users simultaneously spread their information over the same set of sub-carriers, only separated by orthogonal spreading codes. For long time it has been argued in the literature that the inherent frequency diversity gain of the MC-CDMA scheme makes the resort to any adaptive transmission technique unnecessary. While many adaptive sub-carrier allocation, bit and power loading solutions have been proposed for OFDMA systems [7] - [10] , the topic link adaptation for MC-CDMA systems is still quite unexplored. Due to the additional granularity given by the CDMA component, a greater potential can be actually expected from MC-CDMA/FDMA systems with respect to OFDMA in dynamical multi-user scenarios. In 4G wireless mobile communications, the transmission of a large variety of user services is expected to be accommodated over broadband channels, which, given the envisaged high data-rates and user-mobility, will be seen in general as frequency-selective and timevarying by the mobile users. In order to assess the potential of MC-CDMA/FDMA systems in such applications, the gain in terms of power/spectral efficiency enabled by adaptive sub-carrier allocation strategies and transmission mode selection needs to be investigated. An efficient adaptive frequency mapping for the downlink of MC-CDMA/FDMA, referred to as adaptive sub-band allocation (ASBA), has been proposed by the authors in [11] . Perfect channel state information (CSI) is assumed to be available at the base station transmitter for each user over the whole bandwidth, e.g. through the uplink received signal in a time division duplex (TDD) system. On the basis of the CSI, an optimisation algorithm produces a combination of user-grouping and sub-carrier grouping that maximises the overall link capacity. The ASBA has been shown to provide a significant gain in the uncoded average Bit Error Rate (BER) performance as compared to the usual fixed frequency mapping, based on the interleaving of the sub-carriers assigned to different user-groups [11] . Starting point of this work has been the observation that the ASBA yields indeed a considerable performance gain also in a coded system. Hence, the main goal is that of finding a proper channel coding scheme for MC-CDMA/FDMA employing ASBA. It has to be observed that, since the considered ASBA optimises the overall link capacity, it is likely to produce a combination of user-grouping and sub-carrier grouping for which the signal-to-noise-plus-interference ratio (SNIR) experienced by the different users differ significantly. As a consequence, if a too low coding rate is chosen according to the performance of the users with the lowest SNIR, a waste in spectral efficiency may occur. We propose here to use adaptive coding in conjunction with ASBA. By adaptive coding we mean the adjustment of the coding rate for each user according to the actual SNIR seen by that user, with the aim of maximising the overall system throughput. We consider two adaptive coding schemes. The first is given by the concatenation of a Reed-Solomon and a convolutional code, while the second is a turbo code [12] , [13] . We investigate the downlink throughput performance of a MC-CDMA/FDMA system in a single cell environment, when adaptive coding is adopted with and without ASBA. Simulation results show that the two adaptive transmission strategies yield a significant gain, both separately and jointly applied. Moreover, based on the observation that some services may need to be guaranteed a certain throughput, while others may have very low throughput demands, we also introduce a prioritisation among classes of user services based on their throughput requirements. We then resort to a slight modification of the ASBA algorithm proposed in [11] to cope with the considered prioritisation. More specifically, higher priority users are favoured in the assignment of the sub-carriers on which they experience the highest SNIR, so allowing them to transmit with higher modulation formats and/or coding rate, while still achieving given BER performance. Different but fixed coding rates can be used for users with different priority. We will show, however, that adaptive coding enables a considerable performance gain over a much larger signal-to-noise ratio (SNR) range. The remainder of the paper is organised as follows. In Section 2, the MC-CDMA/FDMA system model and the principle of ASBA are briefly reviewed. In Section 3, we explain how adaptive coding can be applied in conjunction with ASBA. In Section 4, the simulation set up is described and the throughput results of MC-CDMA/FDMA with joint adaptive coding and ASBA are reported and discussed. Finally, some concluding remarks are given in Section 5.
ADAPTIVE SUB-BAND ALLOCATION IN MC-CDMA/FDMA

MC-CDMA/FDMA SYSTEM MODEL
The MC-CDMA/FDMA transmission scheme is depicted in the block diagram of Fig. 1 . The whole set of active users is sub-divided into Q user-groups representing Q conventional MC-CDMA sub-systems [6] . In the q−th sub-system, q = 1 . . . Q, K q users spread P data streams each, a
, over the same set of M sb = K MC P sub-carriers. In principle, in a perfectly synchronous situation, K q ≤ K MC users can be simultaneously active without multi-user interference (MUI). In practice, even in the synchronous downlink, MUI may arise due to the loss of user codes orthogonality caused by transmission over frequencyselective channels [5] . In a fully loaded system, the total number of active users is K = QK MC . In the q-th sub-system, q = 1 . . . Q, after the spreading in the frequency domain, we obtain M sb = K MC P data chips given by
A frequency interleaving over M sb sub-carriers is then applied in the single sub-system to ensure that the frequency separation between sub-carriers conveying chips of the same data symbol is maximised, so gaining in terms of frequency diversity. Before undergoing the OFDM modulation over the complete set of M = QM sb sub-carriers, the resulting vector of M data chips enters a frequency mapping block, where the chips of different user-groups are assigned disjoint sets of sub-carriers. In the literature, an interleaving of the sub-carriers assigned to the different user-groups is usually carried out to further increase the frequency diversity gain [5] , [14] . In this paper, the frequency mapping block accomplishes the ASBA approach proposed in [11] , hereafter reviewed for convenience.
ADAPTIVE SUB-BAND ALLOCATION
Let B = {B 1 , B 2 . . . B Q } be a partition of the whole set of M sub-carriers within the transmission bandwidth. The q−th sub-band B q , q = 1 . . . Q, consists of M sb not necessarily adjacent sub-carriers. Let then U = {U 1 , U 2 . . . U Q } be a partition of the set of up to K active users. The q−th user-group U q consists of K q users. Without loss of generality, the user-group U q is assigned the sub-band B q . The normalised capacity of user k, k = 1 . . . K, over sub-carrier m, m = 1 . . . M , can be expressed as
where H k,m is the channel transfer factor experienced by user k over sub-carrier m and σ 2 η is the variance of an additive white Gaussian noise (AWGN) including both the AWG channel noise and the MUI [11] . Under the hypothesis of normalised channel and signal power equal to 1, SNIR =
. Thus, the capacity of user k over the sub-band B q , hereafter referred to as user-capacity per sub-band, is given by
from which the capacity of the user-group U q over the sub-band B q can be derived as
The overall link capacity reads then as C TOT = Q q=1 C Uq,Bq . The optimisation addressed by the ASBA consists in selecting the pair of partitions B and U which maximises C TOT for a given channel estimate. For details on the optimisation algorithm the reader is referred to [11] and [15] . In order to let the ASBA take a given prioritisation among users into account, the user-capacity per sub-carrier C k,m can be multiplied by a proper weighting factor F > 1. Let us assume that the set of active users is sub-divided into P c priority classes, in such a way that the users in class P c − 1 have the highest priority and the users in class 0 have the lowest priority. Then, in order to guarantee that highly-prioritised users are allocated the sub-bands where they experience the highest SNIR, we assign to their user-capacity higher weights than for other, lower priority, users. That is, the ASBA optimisation algorithm is fed with the modified user-capacity per sub-carrier
, where i k is the priority of user k and F is the chosen weighting factor.
ADAPTIVE CODING
By adaptive coding we mean the adjustment of the coding rate for each user according to its SNIR, while keeping the codeword length and the decoding parameters fixed. A block diagram of the transmission scheme with adaptive coding in conjunction with ASBA is depicted in Fig. 2 for the general case in which the code is given by the concatenation of an outer and an inner code. When adaptive coding is jointly applied with the ASBA, the single user-capacity per sub-band (cf. (3)) provided by the ASBA, hereafter referred to as optimised user-capacity, can be used as an indicator of the SNIR. According to its value, the coding rate of the single user is selected in order to optimise the system performance with respect to a given criterion.
We observe that the BER is not appropriate performance measure, since, if decoding errors occur, typically burst of data bits are corrupted. Hence, bit errors after decoding are distributed strongly non-uniformly in the data packets. In this respect, the Frame Error Rate (FER) would be a more proper performance measure. However, in order to obtain a meaningful optimisation problem, the minimisation of the FER should be subject to some constraints, e.g. fixed data rate or fixed transmit power. Indeed, the probability of decoding error can be minimized by selecting the lowest possible coding rate, but at the cost of introducing very high redundancy. In order to take into account the trade-off between powerful error correction and high data rate, we consider here as a performance measure the user throughput and we aim at maximising it by means of adaptive coding. We define the user throughput as the average number of received data symbols per codeword. For a code of dimension s and codeword length n over the Galois Field GF(2 r ), the throughput can be expressed as R(n, r, s, C) = s · (1 − P e (n, r, s, C)),
where s denotes also the number of received data symbols in case of successful decoding and P e (n, r, s, C) is the probability of incorrect decoding for a given user-capacity per sub-band C (cf. (3)). Given a fixed codeword length n, in order to maximise the average user throughput an optimisation process is carried out that results in a list of intervals of user-capacity per sub-band,
. . L, with each interval associated to a code dimension s i . That is, a code with parameters (n, s i ) is used whenever the optimised user-capacity is C ∈ [T i , T i+1 ).
The values T i are the switching thresholds for which the user throughput is maximised for the considered operational environment. This includes the channel propagation conditions, e.g. the noise level and the channel power delay profile, as well as the ASBA settings, e.g. the initial assumptions and the number of iterations of the optimisation algorithm [11] , which are chosen accordingly. Since both the propagation conditions and the user-capacity C k,n of (2) are random variables, the resulting user-capacity per sub-band C is also a random variable with some probability density function p(C), both before and after the ASBA optimization algorithm. As a consequence, by defining the set {T} of all possible lists of switching thresholds
. . L, the optimisation problem can be stated as findinḡ
whereR(n, r, C, T) is the user throughput achieved by the adaptive system for given switching thresholds T and usercapacity per sub-band C, that isR
We note that this optimisation process does not need to be performed very often at the base station of the considered system, since the operational environment may be expected to vary very slowly, e.g. in outdoor, when new buidings are built or the trees shadowing changes with the season or, in indoor, when a wall is removed or erected. Therefore, the switching thresholds can be derived off-line and saved into look-up tables. The only additional operation to be carried out after the ASBA consists, thus, in searching into the table the optimum code dimension corresponding to the obtained values of optimised user-capacity. It can be inferred that the additional complexity effort due to the proposed adaptive coding does not represent an issue. Let us now explain more in detail how the optimisation process is carried out. Since it is difficult to find an analytical expression for the function in (4), we can approximate it by means of simulations. More specifically, the optimisation in (5) can be performed as follows: 3. For each sufficiently small capacity interval [C i ; C i + ∆], the best code, i.e. the (n, s i ) code yielding the highest average throughput for this capacity range, can be found as roughly illustrated in Fig. 3 .
4. An approximate function s(C) can then be constructed by least squares fitting of the data {(C i , s i )} obtained in
Step 3. This function provides an approximate value of the code dimension yielding the highest throughput for a given optimised user-capacity C.
For a sufficiently large code family, i.e., when sufficiently many codes with different rates are available, s(C) can be well approximated by the sigmoid function
where s max is the maximal available code dimension. By determining a and b through least-squares fitting of the simulation data, (7) can be used to compute the best code dimension for a given optimized user-capacity C as well as to derive the switching thresholds T i . Fig. 4 shows simulated and approximated curves of best code dimensions and achieved throughput versus optimized user-capacity. From these curves, it can be inferred that the sigmoid function provides very close approximation of the optimal code dimension. It has to be observed, however, that this approximation is valid only for sufficiently large code families. If this is not the case, more sophisticated approximation functions should be found or the switching thresholds should be derived directly from simulation results as illustrated in Fig. 3 . Two adaptive coding schemes have been considered in this work. The first is constructed through the concatenation of a Reed-Solomon (RS) code and a convolutional code (CC) and it is referred to as ARSCC in the sequel. The second is given by an adaptive turbo code (ATC). We note that the rate of the ARSCC scheme can be changed either by changing the dimension of the RS code or by changing the rate of the CC. The latter task is usually accomplished by puncturing and/or by changing the number of generator polynomials. However, to achieve a sufficient number of different coding rates, it might be necessary to use very long puncturing patterns and/or very high number of generator polynomials, which may represent design and implementation issues. In this work, we restrict ourselves to changing the rate of the RS code. Nevertheless a good granularity in the choice of the coding rate is provided, which guarantees a close match of the simulated and approximated curves of best code dimension versus optimised user capacity. As the chosen turbo codes (TC) are given by the parallel concatenation of CCs [12] , their rate can be changed as for the CC. As a consequence, the ATC exhibits a lower granularity than the ARSCC scheme, as proved by the simulation results reported in Section 4. In this case, the switching threshold are derived from the simulated results.
SIMULATION RESULTS
In the simulations, a bandwidth B = 20 MHz and a carrier frequency f c = 5.5 GHz are assumed. The channel is chosen to be a Rayleigh fading channel with exponentially decaying power delay profile and maximum delay spread τ max = 5 µs. M = 512 sub-carriers and Q = 8 sub-bands are considered within the bandwidth. For the spreading, Walsh Hadamard codes with length K MC = 8 are used, and minimum mean square error (MMSE) single user detection (SUD) is implemented at the receiver as in [11] . Moreover, 16−QAM bit mapping is assumed.
For a fair comparison of the different coding schemes, the codeword length is fixed to 512 bytes. The considered RS codes are RS(255, s, 256 − s) over GF (2 8 ) [12] . The concatenated CC is the rate 1/2 recursive systematic CC based on the generator polynomials 0133 and 0171 (octal). The TC has the encoder structure specified in [13] . Performance results are reported in terms of average user throughput, expressed as "data per packet" in bytes, versus the SNR in dB. Fig. 5 .a illustrates the results for a MC-CDMA/FDMA system with ASBA when only fixed CC with different coding rates is adopted. It can be seen that the system without coding can achieve the maximum throughput of 512 bytes per packet for very high SNR. However, for SNR below 15 dB the system fails to transmit any data. On the other hand, the system with coding is able to transmit data at low SNR, but it is efficient only in a narrow SNR range. Moreover, since the coding rate is fixed, it is not possible to achieve the maximal throughput as in the uncoded system. The beneficial effect of adaptive coding can be observed in Fig. 5 .b, which reports the results achieved with the two considered adaptive coding methods. For the ARSCC, the comparison of the results obtained with and without ASBA proves that ASBA provides a significant gain also in the presence of channel coding. Moreover, the ARSCC yields a considerable gain as compared to a fixed rate 1/4 code given by the concatenation of the RS(255, 128, 128) code with the rate 1/2 CC. The ATC gives even a higher gain. However, a lack of flexibility in the selection of the TC parameters leads to a non-smooth behaviour for SNR in the range 4 to 6 dB. In this SNR region, in fact, the sub-carrier assignment yielded by the ASBA is good enough to achieve almost error-free transmission using a rate 1/6 TC, but still too bad to use a rate 1/4 TC. Hence, the lower coding rate has to be chosen, so limiting the throughput. The results obtained with ASBA in the presence of user prioritisation are reported in Fig. 6 .a and Fig. 6 .b, for fixed and adaptive coding, respectively. P c = 4 priority classes are assumed over K = 64 users, of which 4 with priority 3, 8 with priority 2, 4 with priority 1 and 48 with priority 0. In case of fixed coding, the concatenated RS-CC scheme has been chosen, and fixed, but different, coding rates have been selected for users with different priority. More specifically, on the basis of the average user throughput at E s /N 0 = 10 dB, the dimension s of the RS code equals 241, 170, 85 and 35 for users with priority 3, 2, 1, 0, respectively. From Fig.  6 .a it can be inferred that fixed average throughput values are achieved depending on the user priority at high SNR. With fixed coding it is not possible neither to improve the throughput in case of very good channels (higher E s /N 0 ), e.g. when the ASBA provides a favourable allocation, nor to achieve satisfactory throughputs in bad channels (lower E s /N 0 ). By using adaptive coding, in contrast, a gain in throughput is observed over a large SNR region in Fig. 6 .b. In particular, for lower priority users a noticeable throughput improvement is achieved at high SNR. Moreover, adaptive coding enables a full exploitation of the prioritisation, i.e. a significant difference in the throughput of users belonging to different priority groups can be noticed.
CONCLUSIONS
An adaptive coding approach has been proposed and investigated for application in MC-CDMA/FDMA systems jointly with the adaptive frequency mapping known as ASBA, that maximizes the overall link capacity. Through adaptive coding, the coding rate of the single users is changed according to the SNIR provided by the ASBA, in such a way that the average user throughput is maximised. Simulation results have shown that adaptive coding yields in general a significant improvement of the throughput at higher SNRs, while enabling satisfactory throughput at low SNRs. Moreover, the application of adaptive coding results to be particularly advantageous when user prioritisation is considered in conjunction with ASBA.
